Introduction
Safety of Lithium-ion batteries in electric vehicles, commercial aircraft, and consumer electronics is imperative [1e3] . To prevent catastrophic thermal failure in commercial Li-ion batteries, a number of conventional safety devices are incorporated, including external thermal fuses, safety vents, and electronic circuit breakers [4, 5] . An important concern with external safety mechanisms is the rate of response, which may be too slow to mitigate rapid internal thermal events [5] . Internal shutdown separators, i.e, polymeric films that rely on a phase change mechanism to limit ionic transport [6, 7] , are another commonly used safety device, but are limited in their effectiveness due to thermal shrinkage and increased risk of electrode shorting [8, 9] .
Previously, we have shown that thermoresponsive microspheres can be incorporated into Li-ion batteries to achieve autonomic shutdown at a designated temperature [10] . Low density polyethylene (PE) microspheres were deposited onto a graphitic anode surface and incorporated into a Li-ion coin cell. Room temperature cycling data at 1C was identical for cells with or without microspheres. Cells containing microsphere-coated anodes were triggered for autonomic shutdown by complete immersion in silicon oil at 110 C while cycling. Full shutdown (defined as >98% loss of initial capacity) was achieved in cells containing PE microsphere coverages greater than 7.4 mg cm À2 .
Impedance was measured for cells before and after autonomic shutdown, and was found to increase several orders of magnitude after shutdown. While autonomic shutdown was achieved, electrode coatings were difficult to control, non-uniform in coverage, and required excess PE microspheres to achieve consistent performance. Pure PE is a hydrophobic material, and as a result, PE microspheres do not disperse well in an n-methyl-2-pyrollidone (NMP)-based binder solution. Due to the poor affinity of PE to NMP solvent, the microspheres agglomerate in solution, producing a nonuniform coating on a battery electrode.
The surface of PE can be rendered hydrophilic without altering the bulk properties of the polymer. One approach to achieving a hydrophilic surface functionalization is by polymerizing dopamine on PE. As demonstrated Ryou et al., the contact angle of water on an untreated polyethylene surface decreases from 108 to 39 degrees once the surface is treated with PDA [11] . In this work, we show that the formation of PDA on the surface of PE microspheres enhances dispersion of the microspheres in the coating solution. Improved dispersion leads to a more uniform coating of PE microspheres on the battery electrode, which in turn significantly reduces the amount of surface coverage required to achieve autonomic shutdown.
Results

Polydopamine coating of polyethylene microspheres
PE microspheres were prepared as described previously [10] . PDA coating was achieved using a procedure adapted from Ryou et al. [11] . Two grams of neat, dried PE microspheres were dispersed in the dopamine (10 mM) coating solution consisting of methanol and Tris buffer solution (pH 8.5) as co-solvents in a 1:1 ratio. The solution was sonicated using a tapered 3.2 mm tip of a 750 W ultrasonic homogenizer (Cole Parmer) for 2 min (pulsing at 2 s on, 0.2 s off) to improve dispersion of the microspheres in solution. The microspheres were allowed to react for 24 h under constant stirring conditions, followed by centrifuging and rinsing with DI water. Residual water was removed using a vaccuum filter followed by air drying. Scanning Electron Microscope (SEM) images of the microspheres before and after coating are shown in Fig. 1a ,b. The surface morphology of the polydopamine coated microspheres is significantly rougher compared to uncoated PE.
After drying, microspheres were examined using FTIR and Raman spectroscopy. The FTIR spectrum for both neat and PDAcoated microspheres are shown in Fig. 1c . The FTIR spectra obtained for neat PE microspheres is in good agreement with other low density polyethylene (LDPE) spectra obtained from literature [12] . For the PDA-coated PE microspheres, two new peaks were detected and are consistent with those observed by Ryou et al., who modified a PE separator with PDA [11] . The peak in the 1600-1650 region cm À1 is likely from the CeH out-of-plane bending of the benzenoid aromatic ring, while the band in the 3300 cm À1 region likely corresponds to the stretching vibration of free eOH, eNH 2 , and CeH groups [11] . The Raman spectra for both neat PE microspheres and PDA-coated microspheres are shown in Fig. 1d . The Two new peaks emerge after PDA coating at 1600e1650 cm À1 and 300e3500 cm À1 consistent with bending and vibration signatures for PDA [11] . (d) Raman spectra for PDA-coated microspheres (red) and neat PE (black). A new broad peak at 1550 cm À1 emerges after coating consistent with stretching and vibration of aromatic rings [13] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Raman spectra clearly shows PDA on the sphere surface, as indicated by the peak centered between the 1550 and 1600 cm À1 wave numbers, characteristic of stretching and deformation of aromatic rings [13] .
Coating of microspheres onto graphite anodes
We first investigated the dispersability of PDA-coated microspheres in NMP. Solutions of both neat PE microspheres (0.1 g) and PDA-coated PE microspheres (0.1 g) in poly(vinylidene fluoride) (PVDF) (0.01 g) and NMP solvent (1 g) were prepared and examined by optical microscopy. Both neat PE microspheres (Fig. 2a) as well as PDA-coated microspheres (Fig. 2b ) agglomerated in NMP, even after sonication. Low concentrations of Span 80 and Tween 20 surfactants (2.5 wt% in NMP) were also added to the PVDF:NMP solution in an attempt to improve dispersion quality with no success. Despite the PDA coating, the NMP solvent was not hydrophilic enough to yield an improvement in dispersion. The quality of the dispersion improved significantly when the PDA-coated microspheres (0.1 g) were dispersed in an aqueous binder solution comprised of 0.01 g carboxymethyl cellulose (CMC) and water (1 g) and 4 drops of a 2.5 wt% aqueous solution of Tween 20 (Fig. 2d) . In contrast, mixing of neat PE microspheres in this aqueous binder solution resulted in significant agglomeration of microspheres and poor dispersion (Fig. 2c) .
Mesocarbon Microbead (MCMB) commercial battery anodes were coated with the solutions from Fig. 2a (neat PE microspheres) and Fig. 2d (PDA-coated microspheres) using a doctor blade technique. As expected, the poorly-dispersed solution containing uncoated PE microspheres resulted in PE microsphere agglomeration on the anode surface, as shown in Fig. 2e . In contrast, the coating prepared from the solution of PDA-coated microspheres shows nearly complete uniformity of coverage and very little evidence of agglomeration (Fig. 2f). 
Battery cycling and autonomic shutdown testing
Coated anodes were incorporated into 2032-type coin cell batteries in an Argon-filled glovebox. Li(Ni 1/3 Co 1/3 Mn 1/3 )O 2 (Li333) and Gen 2 electrolyte (1.2 M LiFP 6 EC:EMC) were used as the cathode and electrolyte materials, respectively. The coin cells also contained a commercial film separator (Celgard 2325) to prevent shorting.
The thickness of several PDA-PE coating coverages has been measured using SEM microscopy and is tabulated in Table 1 , and an SEM image of a representative PDA-PE coated anode is shown in Fig. 3b . Cell capacity (at 1C) was measured both at room temperature (25 C), and while the cell was immersed in hot silicone oil (110 C) to activate the thermal shutdown mechanism. At room temperature, no significant capacity loss is observed at a 1C cycling rate for coin cells containing anodes with PDA-coated PE microspheres. To initiate autonomic shutdown, a temperature of 110 C was selected to ensure that the PE microspheres (m.p 105 C by DSC) are fully melted in the battery cell. Cells were immersed in hot silicone oil for 1 min prior to cycling. A summary of these cycling results in shown in Fig. 3a .
Additionally, coin cells containing a commercial separator film were prepared, heated to 135 C to thermally activate the separator, and the remaining capacity after shutdown was measured at room temperature. On average, approximately 5% of the initial (room temperature) capacity remains after shutdown. Similarly, we define autonomic shutdown in coin cells containing PDA-coated PE spheres when 95% loss of capacity is achieved after thermal exposure (see demarcation lines overlaid on Fig. 3a) . Autonomic shutdown at 110 C is achieved for coverages ca. 1.7 mg cm À2 and above for coin cells with PDA-coated microspheres. This represents a reduction of 67% compared to the required coverage for coin cells using neat PE microspheres (ca. 5.1 mg cm À2 ).
Impedance was measured for coin cells with various coverages of PDA-coated PE microspheres both before and after autonomic shutdown over a frequency range of 0.05 Hze100 kHz (CH Instruments Model 660 Electrochemical Workstation). Area-specific impedance (ASI) at a frequency of 1 kHz (Fig. 3c) for each coverage is plotted and used as a shutdown metric. At room temperature, the presence of the PDA-PE microspheres slightly increases the impedance (ca. 5%) of the anode for coatings near the critical coverage required for shutdown (1.7 mg cm À2 ), although the impedance increase is much more prominent at higher coverages (ca. 6 mg cm À2 ) ( Table 2) . However, after cycling at 110 C and initiating autonomic shutdown, impedance increases rapidly above 1.7 mg cm À2 and begins to level off after the critical coverage for shutdown. The long-term cycling capacity was examined for coin cells containing various coverages of PDA-PA microspheres on the anode surface (Fig. 3d) . Cycling capacity is very stable for 100 cycles in coin cells that contained a coverage less than 6.39 mg cm À2 . This cycling data also demonstrates that the aqueous-based coating methods of the anode are compatible with standard carbon anodes prepared with PVDF binder dissolved with NMP.
Conclusions
PE microspheres were coated with PDA to improve dispersion of the microspheres in an aqueous binder solution and enable uniform dispersion onto MCMB battery anodes. Autonomic shutdown of Li-ion coin cells was demonstrated by submerging the cells in silicone oil held at 110 C. Using both capacity loss and impedance rise, it was demonstrated that using PDA-coated PE microspheres reduces the amount of applied spheres necessary for shutdown by 67% compared to uncoated PE microspheres.
